Measurements in a coastal inlet revealed turbulence that was three to four orders of magnitude larger during the dusk ascent of a dense acoustic-scattering layer of krill than during the day, elevating daily-averaged mixing in the inlet by a factor of 100. Because vertically migrating layers of swimming organisms are found in much of the ocean, biologically generated turbulence may affect (i) the transport of inorganic nutrients to the often nutrient-depleted surface layer from underlying nutrient-rich stratified waters to affect biological productivity and (ii) the exchange of atmospheric gases such as CO 2 with the stratified ocean interior, which has no direct communication with the atmosphere.
T urbulent mixing in the ocean plays key roles in a wide range of processes, from regulating the large-scale thermohaline overturning circulation (also known as the global conveyor belt) and water-mass modification, to the dispersal and dilution of anthropogenic waste. Below the surface mixed layer, turbulent mixing controls the exchange of water properties between the surface layer, which is in direct contact with the atmosphere, and the density-stratified ocean interior, where mixing is typically reduced to diffusivities on the order of 0.1 Â 10 j4 m 2 s j1 (1, 2), controlled by the breaking of internal waves generated by the wind and tides. Exchange across the highly stratified base of the surface mixed layer influences not only biological productivity through nutrient supply but also air/sea gas exchange (3) . By providing another mechanism by which nutrients and tracers can pass between the nutrientlimited surface mixed layer and the underlying nutrient-replete stratified ocean, biologically generated turbulence could (i) explain how surface production is often higher than can be accounted for by known mixing mechanisms (4) and (ii) regulate gas exchange between the ocean and atmosphere, which plays a key role in the carbon cycle, carbon sequestration, and climate. Although marine organisms have long been known to be capable of generating turbulence (5-8), the role of biologically generated turbulent mixing in the ocean has largely been neglected, perhaps because this mechanism was discounted in earlier work (9) . However, more recent evaluations based on the energetics of swimming organisms suggest that species ranging in size from large zooplankton (0.5 cm) to cetaceans on the order of 10 m long can generate turbulent dissipation rates e (the rate at which turbulent kinetic energy is damped by molecular viscosity) on the order of 10 j5 W kg j1 within schools and swarms (10, 11) . Such high values, fully three to four orders of magnitude larger than average turbulence levels in the stratified ocean, have the potential to dominate mixing in the upper ocean, where marine organisms are most abundant. Here we report observations quantifying biologically generated turbulence in a coastal inlet.
The above notion was tested by collecting microstructure profiles with depth during dusk in Saanich Inlet, British Columbia. The profiler measures microscale (1 cm) shear, temperature, and conductivity, as well as fine-scale (1 m) temperature, conductivity, and pressure. Profiles were collected at 3-min intervals. Microscale shear measurements were de-spiked before processing to remove plankton collisions. Following common practice, dissipation rates were estimated by iteratively fitting shear spectra from 4-m half-overlapping profile segments to a turbulence model spectrum (12) . The wavenumber band from 1 to 100 cpm (wavelengths of 0.01 to 1 m) was typically fit for dissipation rates exceeding 10 j7 W kg
j1
. A shipboard 200-kHz ASL Environmental Sciences Water Column Profiler single-beam echosounder (13) tracked the vertical movement of a dense acoustic-scattering layer of euphausiids. The echosounder transmitted 300-ms pulses at 1 Hz. Volume backscatter intensity was recorded in 0.125-m depth bins.
Saanich Inlet is a semi-enclosed fjord with a maximum depth of about 240 m. It is connected to the Strait of Georgia through narrow tidal channels with a 70-m sill. Typical turbulent dissipation rates in the inlet are less than 10 j9 W kg j1 (14) . Waters below about 100 m depth are anoxic because of bacterial decomposition of settled biomass. Despite weak winds and tides, the inlet is very productive in the summer. The supply of nutrients for this productivity is thought to arise from tidal mixing outside the inlet, followed by advection into the inlet by tidally rectified mean currents. This hypothesis is supported by a 14-day cycle in nutrients and blooms (14) .
Saanich Inlet hosts a large resident population of the euphausiid (krill) Euphausia pacifica, which occur in concentrations of up to 10,000 individuals m j3 ; that is, one krill every 5 cm (15, 16) . E. pacifica is the most common euphausiid in the coastal waters of the northeast Pacific and is an important prey item for many fish species, including herring (17) . It is also a strong vertical migrator. During daylight, euphausiids in Saanich Inlet remain largely sedentary, resting just above the anoxic interface at about 100 m, presumably to hide from visual predators (18) . As dusk approaches, the euphausiids swim 19) . Laboratory studies have shown that, at peak swimming speeds, individual E. pacifica generate a jet with maximum speeds of about 5 cm s j1 (20) . Acoustic observations of the E. pacifica population in Saanich Inlet suggest average ascent speeds of 2.5 to 3.5 cm s j1 (21) . At dawn, the largest individuals begin the descent, followed by smaller individuals. This size bias in the timing of ascent and descent has been interpreted as further evidence of predator avoidance; smaller animals ascend earlier and descend later because they are less visible to predators than are larger animals (22, 23) .
Our
. Even higher stratifications were found above, with well-mixed surface layer thicknesses not exceeding 3 m. During daylight, the dense backscattering layer of krill remained stationary at about 100 m, and turbulent dissipation rates e were close to the instrument noise level of 10 j9 W kg j1 (Fig. 1) , which is comparable to signals typically found in the open ocean (1). At dusk on 28 April, the backscattering layer began to ascend and become more diffuse. Initially, no enhanced microstructure was observed. However, as the base of the scattering layer Ethought to be associated with larger euphausiids, with Reynolds numbers sufficiently high to generate turbulence (10)^began to shoal, turbulence levels between 30 and 100 m depth approached 10 j5 to 10 j4 W kg j1 for a 10-to 15-min interval. These values are 100 to 1000 times the dissipation rates associated with turbulence patches in the stratified deep ocean and are comparable to values found in strongly turbulent tidal channels (1, 24 . Density remained well stratified during the measurement interval, so turbulence cannot be attributed to mixedlayer deepening; during the sampling interval, 3-m temperature decreased by 3-C because of surface cooling or horizontal advection, but this surface-intensified cooling was confined to a depth of 15 m or less. The microstructure shear spectra produced resemble those associated with shear-driven turbulence, and unstable density overturns of 1 to 10 m during this interval are consistent with the above dissipation rates. This is at odds with the 1.5-cm length of individual krill, suggesting that they act in concert rather than as individuals when they swim upward. By acting communally, they would reduce viscous drag.
The backscattering layer ascended 100 m in less than 15 min, which is consistent with the swimming speeds recorded in the lab of 5 to 10 cm s j1 (20) . Because the period of peak ascent lasted less than 15 min, it is not difficult to imagine how it could have been undersampled The lowering and raising of the vertical microstructure profiler is also evident for some profiles. (Bottom) Turbulent dissipation rate log(e) (red, index lower right) with vertical dotted lines denoting profile times and horizontal dotted lines denoting salinity or density surfaces. For profiles 13 to 29, dissipation rates are on the order of 10 j9 W kg -1 . For profiles 30 to 36, spanning 17 min, dissipation rates are two to four orders of magnitude higher before falling back to background levels of about 10 j9 W kg -1 for the remainder of the time series.
by previous microstructure measurements. Despite its short duration, this episode was sufficient to boost daily-averaged turbulent eddy diffusivities in Saanich Inlet by two to three orders of magnitude. Daily-averaged diffusivities are 0.02 Â 10 j4 m 2 s j1 when dusk and dawn enhancement are excluded but 4 Â 10 j4 m 2 s j1 to 40 Â 10 j4 m 2 s j1 when they are included. On a second day of sampling, the sky was overcast. At dusk, the backscattering layer began to migrate, though slightly later than the previous evening. Unlike the first evening, no discernible enhancement of turbulence was observed in the microstructure data. The acoustic data suggest that, for reasons unknown, the lower portion of the backscattering layer (the part most likely composed of the largest euphausiids) remained at depth. We hypothesize that larger euphausiids did not migrate, so that little or no turbulence was generated on the second night.
Several key groups of marine organisms, ranging from krill, to small pelagics such as herring and anchovies, to tuna, occur in sufficient abundance and in sufficiently dense schools to contribute substantial turbulent mixing, particularly in coastal waters (10) . Our results confirm this for euphausiids in Saanich Inlet. The measured dissipation rates on the order of 10 j5 W kg j1 are consistent with levels predicted for the Antarctic krill E. superba (10) .
These data raise the possibility that a potentially important source of mixing in biologically productive parts of the upper ocean has been overlooked. Further data collected during June 2006 confirm the major results (25) . Because many densely schooling species, particularly strong vertical migrators, are active near the base of the mixed layer, episodic biologically enhanced turbulence deserves further attention.
Laboratory measurements support a cirrus cloud formation pathway involving heterogeneous ice nucleation by solid ammonium sulfate aerosols. Ice formation occurs at low ice-saturation ratios consistent with the formation of continental cirrus and an interhemispheric asymmetry observed for cloud onset. In a climate model, this mechanism provides a widespread source of ice nuclei and leads to fewer but larger ice crystals as compared with a homogeneous freezing scenario. This reduces both the cloud albedo and the longwave heating by cirrus. With the global ammonia budget dominated by agricultural practices, this pathway might further couple anthropogenic activity to the climate system. A ccurate representation of cirrus clouds remains a challenge to climate modeling, in part because of an incomplete understanding of ice cloud formation mechanisms (1). Whereas ice formation studies have been performed at higher temperatures (2), only recently has the cold cirrus regime been addressed. This has led to a homogeneous freezing model where ice nucleates directly from the aerosol aqueous phase (3). Heterogeneous freezing occurs through selective nucleation onto a small fraction of the background particles (2) at lower ice-saturation ratios (S ice ) than with homogeneous freezing. Traditionally, it has been thought that good heterogeneous ice nuclei are insoluble solids, such as mineral dust (2) . Recently, it has been shown in the laboratory that soluble species can also act as ice nuclei in both the immersion (4, 5) and deposition modes (6) . In the latter case, Shilling et al. (6) demonstrated that roughly 1 in 10 5 supramicrometersized particles of solid ammonium sulfate on a cold plate act as ice nuclei at low ice supersaturations, suggesting that this could be an important atmospheric process. Here, we report measurements of the onset for deposition ice formation on solid ammonium sulfate aerosol under experimental conditions similar to those in the cirrus regime, and we assess the impact of this new ice formation mechanism on past laboratory experiments, field observations, and global climate.
Measurements at Storm Peak, CO, implicate a role of ammoniated particles in selective ice nucleation at low S ice (7) . It was observed that between 10 j4 and 10 j5 of the particles were heterogeneous ice nuclei. Of this fraction, roughly 25% were not classified as conventional insoluble ice nuclei particles-i.e., they did not contain substantial levels of mineral dust, elemental carbon, metal, or fly ash. Instead, these ice nuclei were sulfates, with some degree of organics present. Although the degree of neutralization of the particles was not measured, continental sulfate aerosol likely contains a large amount of ammonium (8) .
These observations of selective heterogeneous ice nucleation on continental sulfate particles are consistent with laboratory ice nucleation experiments. Figure 1 presents data for two aerosol types representative of sulfate aerosol endpoints. H 2 SO 4 particles exist in remote settings away from
